Background: The relative roles of the gap-junctional proteins connexin40 (Cx40) and 27
Introduction 51
Gap-junction (GJ) channels are transmembrane proteins that in myocardium mediate cell-to-52 cell coupling required for ordered action potential (AP) propagation. [1] [2] [3] Each GJ channel is 53 formed from two hemi-channels (connexons), in-turn composed of six connexin (Cx) subunit 54
proteins. In the human atrium Cx40 and Cx43 are the major connexins, with small amounts 55 of a third, Cx45, also expressed. [1] [2] [3] [4] 
56
The relative contributions of Cx40 and Cx43 in determining atrial conduction properties has 57 been investigated in murine Cx-gene knock-out models, which suggested that reduction of 58 Cx40 slowed conduction, and prolonged P-waves, whereas reduction of Cx43 had little 59 effect. [5] [6] [7] In a human open-chested mapping study, conduction velocity (CV) during sinus 60 rhythm and atrial pacing was correlated with Cx40 and Cx43 in matched tissue samples. 8 In 61
contrast to the murine studies, CV was reduced as the proportion of Cx40 signal increased 62 (and therefore that of Cx43 decreased). Consistent with these findings, a study using 63 synthetic strands of neonatal and foetal murine atrial cardiomyocytes showed that Cx40 64 deletion (Cx40 -/-) was associated with increased CV, and genetic deletion of Cx43 (Cx43 -/-) 65 was associated with a decrease of CV. 9 In light of these apparently conflicting results, and 66
given the importance of a mechanistic understanding of this relationship specifically in 67 humans, we investigated the relationship between human atrial connexin expression and gap-68 junctional resistance, the key intermediary and gap-junctional determinant of myocardial 69 conduction velocity. Biophysical theory proposes that an increase of gap-junctional 70 resistance (R j ) reduces CV. 10 
71
We used the validated method of myocardial oil-gap impedance measurements, 11 to measure 72 R j, and in the same human myocardial samples used quantitative Cx40 and Cx43 73 immunoblotting and immunohistochemistry, to address the hypotheses that there is a 74 relationship between the relative expression of Cx40 and Cx43 and R j , and that changes in the 75 Connexin expression and myocardial resistivity. Table 2 and both R i (r=0.58, p<0.01, n=20) and R j (r=0.51, p=0.02, n=20), ( Figure 2C ). 233 Figure 3A and 3B shows immunolabelling for Cx40 and Cx43 236 respectively. Cx43 labelling was well distributed throughout all specimens but Cx40 237 distribution was heterogeneous and patchy, with some regions intensely labelled and some 238 regions displaying less intense labelling, as described previously.
8;14 Both connexins were 239 located predominantly at the intercalated discs at the poles of the myocytes but there was 240 presence of labelling at the lateral cell borders of all specimens. A semi-quantative method 241 was used to grade connexin localisation ranging from being confined exclusively to the 242 normal, transversely orientated clusters at cell abutments (score 1), to a distribution of 243 labelling within longitudinal arrays along the length of the myocyte, with markedly 244 diminished labelling at the end-on abutments (score 5). The mean score was 2.5 ± 1 245 indicating a degree of lateralisation in all samples. Figure 3D shows that there was no 246 association between Cx43 lateralisation score and R j for each patient. 247 heterogeneity. Given the relationship established between Cx40 expression and R j , it was of 251 interest to examine whether R j was related to Cx40 expression specifically at the intercalated 252 disc. Figure 3C shows enface views of a typical en-face intercalated disc. As described in the 253 methods section, the quantity of Cx40 immunolabelled pixels were measured and expressed 254 as a percentage of the area of the en-face disk. The mean intercalated disc area was 96 ± 37. The main findings of this study are that increased Cx40 expression, and an increase in the 285 relative expression of Cx40 (Cx40/[Cx40+Cx43]), are associated with an increase in 286 myocardial resistivity in the human right atrium, that it is the Cx40 specifically located in the 287 intercalated disk which correlates with gap junctional resistivity, and that increased atrial 288 myocardial resistivity with advancing age is associated with an increase in Cx40 expression. 289
On the background of our previous demonstration of a relationship between atrial connexin 290 expression and conduction velocity measured in vivo in the human right atrium, 8 we now 291 confirm a relationship between atrial connexin expression and directly measured gap junction 292 resistivity in multicellular human right atrial preparations. 293
294

Connexin40 expression and atrial resistivity. Connexin-knockout mice have been shown to 295
have changes in conduction velocity in atrial myocardium 7 and in the specialised conduction 296 system 15 providing evidence that connexins are a key determinant of impulse propagation. 297
However, by contrast with the present study, murine Cx-gene knock-out models have 298 indicated that reduction of Cx40 slows atrial conduction with corresponding prolongation of 299 the P-wave on the ECG. [5] [6] [7] Further, we previously demonstrated an inverse relationship 300 between human right atrial Cx40 expression and CV, measured in open-chested mapping 301 studies of patients undergoing cardiac surgery. 8 Given that CV is determined by several 302 factors including gap-junctional coupling, 16 depolarising currents, 17 and tissue architecture, 18 
303
it is an important finding of the current study that the inverse relationship between Cx40 304 expression and CV is mediated by an increase in atrial gap junction resistivity. Indeed, given 305 that the unitary conductance of pure Cx40 channels is higher than that of pure Cx43 and 306
Cx45 channels, 19;20 it might be expected that with the naturally occurring variations in Cx40 307 expression in the human heart, a higher level of Cx40 expression would result in a lower 308 myocardial resistivity. 309
However, when a pair of myocytes expresses two or more connexins channels the different 310 potential combinations of connexins (homomeric homotypic, homomeric heterotypic, 311 heteromeric homotypic or heteromeric heterotypic), 21;22 and Cx45. 25a Furthermore, a study of the effects of a novel frameshift Cx43 mutation discovered in 327 man, on murine cultured cells, confirmed a reduction of Cx40 gap junction conductance 328 thought due to abnormal connexin protein trafficking to the intercalated disc, 25b These 329 studies highlight the fact that interactions between co-expressed connexins are not 330 straightforward and predictable, and therefore the functional consequences of altered 331 connexin expression associated with age or disease states such as atrial fibrillation, may not 332 be predictable from simple measurement of connexin quantity alone. 333
We did not observe a direct relationship between the quantity of Cx43 expression and R j . 334
However it remains possible that Cx43 may influence on Rj in a manner not identified by our 335 current techniques. 336
337
Advancing age, atrial connexins and resistivity. We, 26 and others, 27 have shown an age-338 associated slowing of right atrial CV in human endocardial mapping studies although the 339 mechanism underlying this phenomenon remains unknown. Animal studies have confirmed 340 that atrial fibrosis with advancing age is associated with conduction slowing and increased 341 rate of arrhythmogenesis, 28;29 and human studies have demonstrated a correlation between 342 levels of atrial fibrosis and advancing age 29a, 29b . We previously have shown that human 343 atrial CV did not directly correlate with endomysial connective tissue content, 8 we did not 344 find any association between age and quantity of myocardial connective tissue in this present 345 study. A finding similar to previous reports. Our study now provides a unique insight into human connexin biology, in particular the 361 importance of Cx40 in determining atrial resistivity, and the effects of aging on atrial 362 connexin expression and resistivity. Our results may also explain the finding that increased 363 right atrial Cx40 expression in sinus rhythm is a predictor of the risk of developing post-364 operative AF, 14 and that an up-regulation of right atrial Cx40 has been described in 365 association with atrial fibrillation in man. 33 However, although little is currently known about 366 the mechanisms that underlie age-related atrial remodelling, or the control mechanisms or 367 modulators of Cx40 expression, in the era of pharmacological 34 and genetic modulation 35 of 368 connexin expression, human atrial Cx40 expression may be a potential therapeutic target in 369 the prevention of atrial arrhythmias. 370
Limitations 371
Specimens were of insufficient size to perform immunohistochemical experiments for all 372 patients. Tissue was only collected from the atrial appendages and it is possible that the gap 373 junction remodelling described in this paper is limited to the appendage only and not 374 reflective to changes in other atrial regions. It is possible that the pre-operative medication 375 taken by patients in this study could have influenced gap junction conductance. Although our 376 results demonstrate an association between Cx40 expression, gap junction resistivity and 377 advancing age they not prove a direct causality between these variables. 378
Conclusion 379
In the human right atrium, Cx40 expression and Cx40 gap junction protein per unit area of 380 
